The effects of low-temperature (210 C-290 C) annealing on the microstructure, lattice constant, and magnetic properties of (In 0 52 Al 0 48 ) 0 91 Mn 0 09 As grown by low-temperature molecular-beam epitaxy were studied. The results show that low-temperature annealing has little influence on the crystalline structure and interface quality of (In 0 52 Al 0 48 ) 0 91 Mn 0 09 As epilayer. In contrast, both the lattice constant and Curie temperature of (In 0 52 Al 0 48 ) 0 91 Mn 0 09 As are found to be strongly dependent on the annealing temperature. The lattice constant linearly decreases with increasing annealing temperature; while the Curie temperature increases with increasing annealing temperature up to 250 C, and then abruptly decreases upon further annealed at 270 C and 290 C.
I. INTRODUCTION

F
ERROMAGNETIC III-V diluted magnetic semiconductor (DMS) has been actively studied in recent years, due to its significance in basic physics and potential applications to spintronics devices [1] , [16] , [2] , [3] , [17] , [4] , [5] . The hole-mediated ferromagnetism [5] in III-V DMS is sensitive to both the electronic and less understood structural properties of the metastable alloy, and therefore searching for and/or developing new DMS is important [6] , [7] . New quaternary diluted magnetic semiconductors, such as (In, Ga, Mn)As and (In, Al, Mn)As, grown on InP substrates is important for investigating spin transport effects in devices built on InP. Moreover, such quaternary ferromagnetic semiconductors have many potential advantages that cannot be realized by ternary alloy magnetic semiconductors [8] . Recently, several groups had demonstrated the growth and magnetic properties of quaternary (In, Ga, Mn)As [7] - [10] , and very good progress had been made; for example, the Curie temperatures of 100 K-130 K had been reported in (In, Ga)
Mn As with higher than 10% [7] , [9] , [10] . In this work, we initiated the study of another quaternary DMS, (In, Al, Mn)As, and have successfully grown (In Al ) Mn As on InP substrates. The effect of low-temperature annealing on the lattice constant and magnetic properties of ternary (Ga, Mn)As grown on GaAs has been intensely studied [11] - [15] . Here, we report the effects of low-temperature annealing on the microstructure, lattice constant and magnetic properties of this new quaternary (In Al ) Mn As DMS.
II. EXPERIMENTAL PROCEDURE
The samples used in this study were grown on (001) MBE system, with an As /III beam equivalent pressure (BEP) ratio of 20. Following native oxide desorption, a 100-nm In Al As buffer layer was first grown at 460 C. Then, the substrate temperature was lowered to 210 C. After the substrate temperature is stable, the 100-nm (In Al ) Mn As epilayer was subsequently grown. The growth rates of In Al As and (In Al ) Mn As were all about 0.3 m/h. The growth was monitored in situ with the reflection high energy electron diffraction (RHEED), and a (2 4) pattern was observed for the In Al As buffer layers, while it changed to during and after growth of the (In Al ) Mn As epilayer. After growth, the wafer was cleaved into pieces for various characterizations. The post-growth annealing was performed in air at 210 C, 230 C, 250 C, 270 C, or 290 C for 2 h. A0, A1, A2, A3, A4, and A5 denote the as-grown and corresponding annealed samples at 210 C, 230 C, 250 C, 270 C, and 290 C, respectively. The Mn concentration was determined by electron microprobe analysis (EMPA), and the crystalline structure and microstructure of (In Al ) Mn As epilayers were examined using double-crystal X-ray diffraction (DXRD) and transmission electron microscopy (TEM), respectively. Cross-sectional samples parallel to (011) planes for TEM observation were prepared by mechanical thinning and Ar-ion milling. Magnetic properties were measured by a Quantum Design superconducting quantum interference device (SQUID) magnetometer.
III. RESULTS AND DISCUSSION
The microstructure and interface quality of the (In Al ) Mn As as-grown and annealed samples were examined by cross-sectional TEM. It was noted that all of the as-grown and annealed samples were of single crystal with zinc-blend structure and had high-quality interface between the (In, Al, Mn)As epilayer and In Al As buffer layer. As an example, the bright-field image and lattice image of the 250 C-annealed sample are shown in Fig. 1(a) and (b) . From the TEM observations, it can be roughly concluded that the present low-temperature annealing has little influence on the microstructure of (In Al ) Mn As epilayer and the interface quality between the (In Al ) Mn As epilayer and In Al As buffer layer. There is no trace of the formation of any other second phases in the (In Al ) Mn As matrix, either.
The variation in the lattice constant of the as-grown and all annealed (In Al ) Mn As epilayers was determined using DXRD at room temperature, and the resultant X-ray diffraction profiles are shown in Fig. 2 . For all samples, clear diffraction peaks from the (In Al ) Mn As (004) reflections were observed, which suggests that single crystalline (In Al ) Mn As with zinc-blend structure has been epitaxially grown on InP. No evident (004) reflections of the In Al As buffers were observed, implying that the buffers are almost lattice-matched with the InP substrates. In addition, the peak separation between the (In Al ) Mn As and InP reflections is found to decrease with increasing annealing temperature. This indicates that the low-temperature annealing indeed has a strong effect on the lattice constant of the (In Al ) Mn As epilayer. The inset in Fig. 2 plots the lattice constants of (In Al ) Mn As as a function of the annealing temperature. It clearly shows that the lattice constant of (In Al ) Mn As linearly decreases with increasing annealing temperature, from 0.5894 nm for the as-grown sample to 0.5885 nm for the 290 C annealed sample. The reduction in the lattice constant of the present (In Al ) Mn As induced by low-temperature annealing has similar trend of that of (Ga, Mn)As [11] , [12] .
The as-grown and all annealed (In Al ) Mn As epilayers exhibit a ferromagnetic state at 5 K as confirmed by the -curves. All -curves were very similar in shape.
As an example, the -curve of sample A3 is shown in Fig. 3 , which suggests a ferromagnetic hysteresis behavior.
The field-cooling temperature dependence of magnetization ( -curves) of the as-grown and all annealed samples were measured in a small in-plane applied magnetic field ( Oe), from which the Curie temperature, , of each sample is determined. Fig. 4 shows the -curves of samples A0, A1, A2, A3, A4, and A5, and the corresponding Curie temperatures are 29 K, 34 K, 38 K, 42 K, 26 K, and 23 K, respectively. Two regimes of the temperature dependence of Curie temperatures of (In Al ) Mn As is founded; the increases almost linearly with increasing annealing temperature up to 250 C, and then decreases abruptly when the annealing temperature is further increased to 270 C and 290 C. It should be noted that the Curie temperatures of (In Al ) Mn As are comparable to those of (In, Mn)As, but are quite less than those of (Ga, Mn)As and (In, Ga, Mn)As.
IV. CONCLUSION
The effects of low-temperature annealing on the microstructure, lattice constant, and magnetic properties of (In Al ) Mn As were investigated. The results show that the low-temperature annealing has little influence on the crystalline structure and interface quality of (In Al ) Mn As, and the as-grown and all annealed (In Al ) Mn As epilayers exhibit nearly identical -curves at 5 K. In contrast, both the lattice constant and Curie temperature of (In Al ) Mn As are found to be strongly dependent on the annealing temperature. The lattice constant decreases linearly with increasing annealing temperature; while the Curie temperature increases almost linearly with increasing annealing temperature up to 250 C, and then decrease abruptly upon further annealed at higher temperatures of 270 C and 290 C.
